Objective: To investigate potentially high-risk cardiac arrhythmias (PHAs) following focal to bilateral tonic-clonic seizures (FBTCSs) and generalized tonic-clonic seizures (GTCSs) and to study the association of PHAs with seizure characteristics and the severity of associated ictal respiratory dysfunction. Methods: Electrocardiographic (EKG) and pulse oximetry (SpO 2 ) data were recorded concurrently with video-electroencephalographic telemetry in the epilepsy monitoring unit (EMU). One minute of preictal EKG, the ictal EKG, and 2 min of ictal/postictal data were reviewed for each seizure. Nonsustained ventricular tachycardia, bradyarrhythmia, and/or sinus pauses were considered as PHAs. FBTCSs/GTCSs with PHAs were compared to those that had only ictal sinus tachycardia. Results: Data from 69 patients with 182 FBTCSs/GTCSs with usable SpO 2 and EKG recordings were available. There were 10 FBTCSs/GTCSs in 10 patients with a PHA. The presence of PHAs was not associated with seizure duration or SpO 2 nadir. FBTCSs/GTCSs with a PHA were significantly associated with the duration of oxygen desaturation < 90% when compared with FBTCSs/GTCSs with only sinus tachycardia (Mann-Whitney, p = 0.042). Desaturation duration of <100 s was not significantly associated with occurrence of PHAs (p = 0.110) when compared with seizures that had only sinus tachycardia. The odds ratio for occurrence of PHA was 7.86 for desaturation durations ≥ 125 s versus desaturations < 125 s (p = 0.005). The odds ratio increased to 13.09 for desaturation durations ≥ 150 s (p < 0.001). Preictal and ictal/ postictal arrhythmias occurred with focal seizures that did not progress to FBTCSs. Four patients with focal seizures had ictal/postictal PHAs without preictal PHAs. Two of these patients had evidence for prior cardiac disturbance. Significance: PHAs following a single FBTCS/GTCS in the EMU are significantly associated with the duration of ictal/postictal hypoxemia. It is possible that FBTCS/GTCSassociated hypoxemia may trigger fatal cardiac arrhythmias in a subset of susceptible patients dying of sudden unexpected death in epilepsy.
Sudden unexpected death in epilepsy (SUDEP) is the leading cause of death in many epilepsy populations. In patients with epilepsy, the standardized mortality ratio for SUDEP is 23.7 compared to the general population. 1 When epilepsy starts at the age of 1 year, the cumulative risk of SUDEP by age 70 years is 8%. 2 The most significant risk factors for SUDEP include inadequate seizure control and focal to bilateral tonic-clonic seizures (FBTCSs) or generalized tonic-clonic seizures (GTCSs). 3 The MORTEMUS study reported on a small number of SUDEP cases captured in epilepsy monitoring units (EMUs), all cases of SUDEP were preceded by FBTCSs/GTCSs, and in all cases terminal apnea preceded terminal asystole. 4 Respiratory dysfunction, postictal generalized electroencephalographic (EEG) suppression (PGES), and impaired arousal were implicated in SUDEP pathophysiology. However, no direct information regarding respiratory dysfunction was available. 4 The MORTEMUS study has provided important clues on the pathophysiology of SUDEP; however, it was limited by lack of direct information regarding respiratory dysfunction. 4 Given the small number of available EMU reports, it is likely that the cases reported in MORTEMUS are not representative of the entire spectrum of mechanisms that may underlie SUDEP. Several cases of ictal cardiac arrhythmias have been reported, but these cases appear to be infrequent. 5 Some instances of ictal cardiac arrhythmias may be life threatening. Severe periictal respiratory dysfunction may trigger fatal cardiac arrhythmias in susceptible individuals. In previously reported cases of ictal cardiac arrhythmias, no direct information on concomitant respiratory dysfunction was available. 5 Severe respiratory dysfunction with hypoxemia (pulse oximetry [SpO 2 ] < 80%) and hypercapnia (end tidal CO 2 [ETCO 2 ] > 50 mm Hg) occur in about one-third of cases following a single FBTCS/GTCS occurring in the EMU, and respiratory dysfunction may last several minutes. 6, 7 In some cases, ictal/postictal hypoxemia with FBTCSs/GTCSs may be sufficient to trigger potentially life-threatening cardiac arrhythmias in susceptible individuals and contribute to cases of SUDEP. Preexisting cardiac channelopathies may predispose to SUDEP in the presence of acute hypoxia. For instance, mutations causing the long QT syndrome (LQTS) are found in 7% of SUDEP cases, and another 15% have gene variants that potentially predispose to malignant cardiac arrhythmias. 8 A seizure phenotype occurs in 29% of patients with LQTS. 9 Acute hypoxia prolongs QT intervals 10 and may trigger life-threatening arrhythmias in patients with LQTS.
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FBTCSs/GTCSs are almost invariably associated with sinus tachycardia, with an estimated prevalence of 80-100%. 12 In a review of reported ictal cardiac arrhythmias, ictal asystole had a prevalence of 0.32% in patients with refractory epilepsy undergoing video-EEG telemetry in the EMU, and a variety of postictal arrhythmias following FBTCSs/GTCSs were often associated with near-SUDEP. 13 No data on associated ictal hypoxemia were reported in this review. 13 In other medical conditions, such as sleep-disordered breathing, hypoxia is a strong predictor of arrhythmia risk, including complex ventricular ectopy, nonsustained ventricular tachycardia, and other cardiac arrhythmias.
14 The relative risk of paroxysmal atrial fibrillation and nonsustained ventricular tachycardia (NSVT) during sleep is markedly increased shortly after a respiratory disturbance. 15 Potentially high-risk arrhythmias (PHAs) include bradycardia, asystole, atrioventricular nodal block, atrial, or ventricular tachyarrhythmia. 16 The primary objective of the present study was to investigate the occurrence of PHAs following FBTCSs/GTCSs in the EMU. We looked for possible associations of PHAs with seizure characteristics and the severity of associated respiratory dysfunction. We sought to determine which features of FBTCSs/GTCSs might be associated with the occurrence of PHAs compared to that of the expected ictal/postictal tachycardia. A secondary objective was to analyze PHAs with focal seizures that did not progress to bilateral tonic-clonic seizures.
Methods
Video-EEG telemetry monitoring (VET) methodology in this study is as was detailed in prior reports. 7 Electrocardiographic (EKG) and digital SpO 2 data were recorded concurrently with video and EEG in all patients. We retrospectively reviewed data from 69 consecutive patients with 182 FBTCSs/GTCSs who had SpO 2 and EKG data. ETCO 2 was recorded for 73 seizures. One minute of preictal EKG, the ictal EKG, and 2 min of postictal data were reviewed. Any EKG abnormality other than sinus tachycardia was then reviewed independently by a cardiologist. We looked for the occurrence of sinus tachycardia (>100 beats/ min), sinus bradycardia (<60 beats/min), sinus pause/asystole (PP interval ≥ 2 s), NSVT (three or more consecutive premature ventricular beats), atrial fibrillation, and highgrade heart block (atrioventricular block where a differentiation between second-degree Mobitz type 1 and type 2 could not be made). The presence of any of these arrhythmias was considered a PHA. 16 PHA definitions were • Potentially high-risk arrhythmias observed included nonsustained ventricular arrhythmia, sinus pauses, and bradycardia adapted from a recent cardiology study that used long-term continuous ambulatory EKG recordings to detect potentially high-risk arrhythmias. 16 The presence and duration of PGES and the timing and duration of oxygen desaturation < 90% were recorded. The patient charts were reviewed for a history of cardiac disease or abnormality on 12-lead EKG detected prior to the patient's EMU admission. SigmaPlot v13.0 was used for statistical analysis. The nonparametric two-sided Mann-Whitney test was used to compare seizures with only ictal/postictal sinus tachycardia versus those in which a PHA occurred in the ictal/postictal period. Probability values < 0.05 were considered significant. The study was approved by the University of California, Davis Institutional Review Board.
Results

FBTCSs and GTCSs
Sixty-nine patients had one or more FBTCSs/GTCSs, for a total of 182 FBTCSs/GTCSs. One hundred thirty seizures were of temporal onset, 18 were of frontal onset, and one each were of occipital, centroparietal, and frontotemporal onset. Seventy-six seizures were right lateralized at onset, 77 were left lateralized, 13 were bilateral, and the hemispheric lateralization/localization was undetermined with the remaining seizures.
Preictal EKG data were missing for six FBTCSs/GTCSs. Preictal SpO 2 data were not available for nine FBTCSs/ GTCSs. Artifact partially obscured segments of the ictal EKG in 110 FBTCSs/GTCSs. However, interpretation of the ictal EKG signal during relatively artifact-free segments was possible in all but five seizures. In the 2-min postictal period, there were no usable EKG data with 11 seizures. Duration of the ictal/postictal oxygen desaturation could not be determined for 51 of the 182 seizures. Data on ETCO 2 change from preictal baseline were available for 71 of the 73 ETCO 2 recordings. The data that were considered unusable had artifact during the entirety of the segments of interest or information was missing.
We compared seizure and respiratory characteristics for FBTCSs/GTCSs with only sinus tachycardia versus those that had a PHA in the ictal/postictal period. Representative VET data with PHAs are shown in Fig. 1A ,B. EKG findings in the preictal period and in the ictal/postictal period along with the respiratory data for FBTCSs/GTCSs with PHAs are summarized in Table 1 . Statistical analysis of FBTCSs/ GTCSs with only ictal/postictal sinus tachycardia and FBTCSs/GTCSs with PHAs is shown in Table 2 . Ten patients (10 seizures) had a PHA and available respiratory data. Demographics of patients with a PHA are shown in Table 3 . Seven patients had both PHA-associated and non-PHA-associated FBTCSs/GTCSs. Three of these patients had a single FBTCS/GTCS each accompanied by a PHA. Two patients had two FBTCSs/GTCSs each, and in both a PHA occurred with the second FBTCS/GTCS. Two patients had three FBTCSs/GTCSs with a PHA, and the PHA occurred with the second and third FBTCS/GTCS, respectively. One patient had four FBTCSs/GTCSs, and the PHA occurred with the second seizure. Finally, two patients had five FBTCSs/GTCSs, and in both patients, PHA occurred with the fourth FBTCS/GTCS. None of the patients were in the prone position during the seizure.
Seizure duration was not significantly different (p = 0.978) in seizures with only sinus tachycardia when compared to those with a PHA. There was no difference in the duration of the tonic phase of FBTCSs/GTCSs in seizures with or without a PHA (p = 0.927). There was no difference in the ictal/postictal oxygen saturation nadir (p = 0.460) between the two groups. On the other hand, the occurrence of a PHA was significantly associated with the duration of ictal/postictal oxygen desaturation (p = 0.042). Desaturation duration of <100 s was not significantly associated with occurrence of a PHA (p = 0.110) when compared with seizures that had only sinus tachycardia. The odds ratio for occurrence of a PHA was 7.86 (95% confidence interval [CI] = 1.838-31.288) for desaturation durations ≥ 125 s versus desaturations < 125 s (p = 0.005). The odds ratio increased to 13.09 (95% CI = 3.094-55.396; p < 0.001) for desaturation durations ≥ 150 s. In eight of 10 FBTCSs/GTCSs with a PHA, oxygen desaturation onset preceded the PHA (Table 1) . With one seizure, PHA preceded onset of oxygen desaturation < 90% by 10 s, and in the remaining one seizure, timing information could not be retrieved because of loss of data. Note that the timing of oxygen saturation values recorded by digital SpO 2 has a circulation delay from the pulmonary alveoli and an oximeter delay.
17 ETCO 2 data were available for five of the 10 seizures that had a PHA and therefore did not allow for further statistical analysis. For each of the five seizures with available ETCO 2 data, there was a rise in peak ETCO 2 of 12, 39, 4, 49, and 18 mm Hg, respectively, relative to preictal baseline.
In the patients without PHAs, PGES was present with 52 seizures and absent with 99 seizures. Artifact precluded determination of the presence or absence of PGES for the remaining seizures. The PGES duration in seizures without a PHA was 26.1 AE 19.249 s (mean AE standard deviation; median = 21.5, range = 2-69). PGES was present following three seizures with a PHA, with PGES duration of 21, 40, and 51 s. Other arrhythmias present with FBTCSs/GTCSs are summarized in Table 4 .
Focal seizures without progression to bilateral tonicclonic seizures
There were 271 focal seizures without progression to bilateral tonic-clonic seizures in 67 patients. The preictal EKG with 222 seizures showed a normal sinus rhythm (NSR) only. Sinus tachycardia was present prior to 16 seizures (six patients). Bradycardia preceded seven seizures (three patients). Atrial fibrillation was present prior to four seizures (one patient). Four patients had evidence for a right bundle branch block (RBBB). Other seizures had an NSR with occasional preictal premature atrial complexes (PACs)/premature ventricular complexes (PVCs).
In the ictal/postictal period, sinus tachycardia was present with 148 seizures. Sinus bradycardia occurred with 15 seizures in seven patients, and three of these patients had bradycardia preictally. Atrial fibrillation/flutter (AF) was present in three seizures in one patient who also had AF preictally. NSVT was present with four seizures in one patient who had frequent PACs and PVCs in the preictal period.
Sinus pause was present with one seizure, and this patient had an NSR preictally. Four patients developed a PHA after focal seizures in the ictal/postictal period where no PHA was present in the preictal period. Three seizures had ictal/ postictal bradycardia with accompanying oxygen desaturation. Of these three seizures, one had sinus bradycardia with RBBB preictally, and the other two seizures had sinus bradycardia preictally. The duration of oxygen desaturation was <100 s with these three seizures. Among the patients that developed ictal/postictal PHAs, two had a history of cardiac disturbance prior to the current EMU admission. A sinus bradycardia (51 bpm) was present in a 19-year-old, and the second patient had a prior EKG showing sinus rhythm with premature supraventricular complexes.
Discussion
We have demonstrated an association between the duration of ictal/postictal hypoxemia and the occurrence of potentially high-risk cardiac arrhythmias with FBTCSs/ GTCSs captured in the EMU. The duration of oxygen desaturation was significantly longer with seizures that had PHAs, although the magnitude of the drop in oxygen saturation was similar between groups. The effect of duration was driven by desaturations lasting ≥100 s, as shorter periods of desaturation were found with similar frequency in the sinus tachycardia and PHA groups. All patients, except one, who had a PHA had a normal 12-lead EKG that was obtained prior to seizures in the EMU (Table 1) . In normal humans, exposure to hypercapnic hypoxia results in increased sympathetic activity that persists after exposure. 18 Hypercapnic hypoxia may exacerbate sympathetic overactivity following FBTCSs/GTCSs, and sympathovagal imbalance coincident with hypoxia and hypercapnia may further promote ictal arrhythmias. ETCO 2 rise above baseline was demonstrated in all five seizures with PHA where ETCO 2 information was available. A previous study, looking at a large number of seizures, demonstrated that a postictal drop in SpO 2 is invariably accompanied by a rise in ETCO 2 indicating alveolar hypoventilation. 6 In animal models, there is evidence for abnormal serotonergic activity in the brainstem suggesting that centrally mediated mechanisms are involved in cardiorespiratory dysfunction. 19 In addition to NSVT, sinus pauses, and bradycardia, a variety of ictal cardiac arrhythmias such as marked sinus arrhythmia, premature ventricular or atrial beats, atrioventricular-nodal escape beats, bundle branch blocks, paroxysmal supraventricular tachycardia, atrial fibrillation, and transient atrioventricular blocks have been reported. 5, 13, 20 Three cases of postictal ventricular fibrillation following FBTCSs/GTCSs were reported, and none of these cases had major cardiac risk factors for ventricular tachycardia or ventricular fibrillation. 13 In all these human cases, information regarding concurrent ictal respiratory function was not available. Our findings suggest that ictal/postictal PHAs may, at least in part, be a direct consequence of prolonged ictal hypoxia following FBTCSs/GTCSs. We found ictal/postictal NSVT in four of 69 patients with accompanying oxygen desaturation. NSVT ≥ 10 beats is independently associated with serious arrhythmic events. 21 The occurrence of NSVT following FBTCSs/GTCSs may be a marker for increased risk of life-threatening cardiac arrhythmia leading to SUDEP. Two patients had sinus pauses in the postictal period. The relevance of ictal/postictal bradycardia and sinus pause to SUDEP remains uncertain. Asystole limited to the ictal period may be benign, 22 whereas asystole following FBTCSs/GTCSs and occurring in the postictal period are associated with SUDEP. 4 Ictal bradycardia is distinctly uncommon and was reported in <1% of patients undergoing VET. 23 Stringent criteria, with bradycardia defined as an RR interval of >2 s, were used in that study. 23 Given that ictal bradycardia is uncommon suggests that, in contrast to ictal tachycardia, other or more pronounced seizure-related pathophysiological factors come into play. For the purposes of this study, we chose the broader definition of bradycardia to maximize the capture of this uncommon arrhythmia to gain insights into possible mechanisms. It is not implied that mild bradycardia is per se relevant to SUDEP.
Beyond the demonstrated association of PHA with the duration of desaturation, given the small numbers, further statistical analysis was not possible to determine whether multiple FBTCSs/GTCSs in a given patient increased the likelihood of PHA. Three patients had a PHA with their first and only FBTCS/GTCS in the EMU. In the other seven patients, FBTCSs/GTCSs with PHA occurred after a variable number of previous FBTCSs/GTCSs. Therefore, it is conceivable that several FBTCSs/GTCSs occurring over a few days increase PHA risk and factors other than duration of hypoxia may modulate susceptibility to PHA. Future studies with a larger number of patients may help address this issue.
In patients with focal seizures, without progression to bilateral tonic-clonic seizures, the most common ictal/postictal arrhythmia was sinus tachycardia. PHAs also occurred following focal seizures. In patients with a normal sinus rhythm preictally, the most common ictal/postictal PHAs were sinus bradycardia or sinus pause. Arrhythmias in the preictal period were present in nine patients without known preexisting cardiac disease. Possible explanations for these preictal arrhythmias include recurrent seizures in the EMU or rapid withdrawal of antiepileptic drugs. Two of our patients were on carbamazepine on admission to the EMU. Abrupt withdrawal of carbamazepine is reported to increase sympathetic activity and may contribute to SUDEP. 24 Pathophysiological mechanisms other than prolonged hypoxia may contribute to PHAs in susceptible patients with focal seizures without FBTCSs/GTCSs. Limitations of this study include reliance on a single precordial EKG channel that restricts analysis of data. For example, although discerning NSVT from supraventricular tachycardia with aberrancy was obvious in most cases based on accepted criteria, our assessment could have been improved with the presence of additional leads. A single EKG channel also precluded analysis of other periictal changes in EKG morphology that might have clinical relevance. Movement and muscle artifacts during convulsions also limited our ability to accurately interpret some of the ictal portions of the VET recording and may have resulted in our missing some arrhythmias. It is possible that some late postictal arrhythmias may have been missed given that the postictal analysis interval was limited to 2 min.
In the MORTEMUS study, patients with SUDEP were found prone. None of our patients with PHA was in the prone position. Patients are often immobile following an FBTCS/ GTCS, and both the duration of postictal immobility and the presence of PGES are associated with ictal respiratory distress. 25 In patients ending up prone after an FBTCS/GTCS, impaired arousal and immobility would impede auto-repositioning of the head to allow effective respirations, thus exacerbating hypoxemia. 25 Thus, it is likely that several factors may come into play in SUDEP. Patients with mutations in genes associated with cardiac arrhythmias, such as those with LQTS and others, may be especially sensitive to ictal hypoxic events triggering fatal arrhythmias.
The relevance of PHAs captured in the EMU to SUDEP risk remains to be established. Our findings, coupled with the known risk of PHAs as predictors of serious arrhythmic events in patients without known cardiac disease, 21 should raise the concern that PHAs identified in the EMU may increase SUDEP risk. Larger studies with longitudinal follow-up of patients with PHAs identified in the EMU will be needed to better define whether these PHAs increase the risk of SUDEP. It remains to be demonstrated whether measures to minimize ictal/postictal respiratory distress can reduce SUDEP-related mortality. 
